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Exchange-coupled hard-soft biphase magnets are technologically relevant systems in that they enable tailoring
the magnetization reversal process. Here, exchange-spring behavior is observed in CoFe2O4/FeCo bilayers for
soft thicknesses as thin as 2 nm, at least four times below the exchange length of the system. This result is
in contrast with the accepted theory for spring magnets that states that the exchange length defines the critical
thickness below which both magnetic phases should be rigidly coupled. In combination with micromagnetic
calculations, this surprising observation is understood as a consequence of the dominance of domain-wall propa-
gation in the soft phase during the reversal process, so far unaccounted for in theoretical descriptions. Our results
emphasize the need to expand the existing spring theory from coherent rotation to domain-wall related processes
in multidomain configurations in order to accurately design magnetic heterostructures with controllable reversal.
DOI: 10.1103/PhysRevB.98.214435
I. INTRODUCTION
In the quest for novel and improved materials, multiphase
nanostructures bring forward the opportunity to combine in
a single material different properties and functionalities. No-
tably, bimagnetic nanostructures consisting of a hard (high
anisotropy) and a soft (high magnetization) phase provide
an additional degree of freedom—the reversal behavior—
which offers a broader range of possibilities for tailoring the
magnetic response of the system. Examples include core-
shell nanoparticles [1], thin bilayer films [2], and nanostruc-
tured ceramic materials [3] with applications in a variety of
fields such as catalysis, permanent magnets [4,5], information
storage [6,7], and biomedicine [8].
The particular case of exchange-coupled bilayer thin films
can be exploited for improving the writability in magnetic
recording media without compromising thermal stability, and
constitutes an extremely interesting model system for un-
derstanding magnetization reversal processes in exchange-
coupled magnets [9,10]. The size of the soft phase dictates
the magnetization switching behavior, with the existence of a
critical size below which the soft phase is rigidly exchange
coupled to the hard phase and both reverse simultaneously
[2,11,12]. Above the critical size, but for moderate thick-
nesses, the soft phase switches reversibly at lower fields than
the hard one through an exchange-spring process. For large
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soft thickness, the system is considered decoupled and the
two phases reverse independently. Theory predicts that the
critical thickness separating the rigid and spring regimes does
not deviate significantly from the exchange length of the hard
phase, i.e., the Bloch wall width, which is usually of the order
of a few nanometers [2,13–15].
The critical thicknesses observed in experimental systems
based on uniaxially anisotropic hard phases such as FePt,
SmCo5, and Nd2Fe14B are in reasonably good agreement with
theoretical models [2,15,16]. Even systems based in biaxial
CoFe2O4 (CFO) with Fe3O4 as soft layer accurately follow
the predictions [17]. Nonetheless, the complexity of real
systems is extremely hard to fully model and experimental
critical thicknesses are often slightly overestimated by the
models [16,18]. So far, these deviations have been moderate
at most and thus the models have predicted reversal behaviors
with reasonable accuracy.
Previous works on CoFe2O4/FeCo bilayers have not fo-
cused on studying the critical thickness of the system. In
Sayed Hassan et al. [19] and Viart et al. [20], spring behavior
is observed for soft layers as thin as 5 nm in polycrystalline
films. A diversity of magnetic coupling behaviors is reported
as a function of the preparation conditions, including de-
coupling, exchange coupling, and antiferromagnetic coupling.
No rigid coupling is detected; in all cases spring-type or
independent magnetization reversal occurs [19–22].
Here we investigate magnetization reversal in
CoFe2O4/FeCo exchange-coupled films as a function of
the soft layer thickness, in an attempt to determine the
2469-9950/2018/98(21)/214435(7) 214435-1 ©2018 American Physical Society
A. QUESADA et al. PHYSICAL REVIEW B 98, 214435 (2018)
critical thickness separating rigid and spring behavior. The
bilayers are observed in transmission electron microscopy
(TEM), while Rutherford backscattering spectrometry (RBS)
is employed to confirm the composition and hard/soft
thicknesses. The magnetic characterization reveals spring
behavior for all soft thicknesses studied, down to 2 nm, well
below the exchange length of the system (approximately
8 nm). The physical mechanisms behind this surprising
behavior are discussed based on the experimental data and
supported by micromagnetic calculations.
II. EXPERIMENTAL
The CFO/FeCo bilayers were deposited on TiN buffered
Si (001) substrates by Ar+ ion-beam sputtering. Prior to
deposition, the native SiO2 was removed by dipping the
substrate into a 5% HF solution for 2 min. A 99.9% pure
TiN target was used to deposit the TiN buffer while 99.9%
pure ceramic CoFe2O4 and metallic Fe1.3Co commercial
targets were used to deposit the hard CFO films and the
soft FeCo metallic layer, respectively. The samples were
capped with 2-nm aluminum. The TiN and CoFe2O4 films
were deposited at a constant substrate temperature of 400 ◦C
while the soft metallic layer was deposited at 200 ◦C to
prevent oxygen diffusion. A vacuum chamber with a base
pressure of 2 × 10−5 Pa was used. During deposition the
pressure was maintained at 3.3 × 10−2 Pa and the substrates
were rotated at 2 rpm to increase the homogeneity of the
deposit. An oxygen partial pressure, PO2 = 3 × 10−3 Pa,
was kept to deposit the CoFe2O4 layer. All CFO layers were
grown up to the same nominal thickness as indicated by
a quartz balance. TEM experiments were conducted on a
field emission gun JEOL 2100F operating at 200 kV and
equipped with a scanning transmission electron microscopy
(STEM) unit with both bright and dark field detectors. Energy
dispersive x-ray spectroscopy (EDXS) maps were acquired
in high angle annular dark field (HAADF)-STEM mode
with an Oxford INCA X-sight system. In-depth composition
and thickness of the different layers were determined
by RBS at the Centro de Microanálisis de Materiales
5-MV tandem accelerator using 4He+ at 1.8 MeV. The
elemental distribution and thickness quantification of the
different layers were determined with the SIMNRA simulation
software package. The magnetic properties were measured
using a vibrating sample magnetometer (VSM, Quantum
Design PPMS) with the field applied along an easy CFO in-
plane axis. The diamagnetic signal from the Si(001) substrate
was subtracted. The angular dependence of magnetization
FIG. 1. TEM characterization. (a) Low resolution STEM-HAADF image showing the multilayer arrangement sketched in (b). (c) EDXS
maps for different elements present in the stack. (d) RBS data corresponding to a bilayer with soft FeCo thickness of 17 nm. A HRTEM image
of the CFO/FeCo interface is shown in (e), with insets containing fast Fourier-transform patterns for each film. In (f), a filtered image using
together the (10-1) in FeCo and (400) in CFO of the interface region delimited in red is presented.
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minor loops was investigated at room temperature by high
resolution vectorial-Kerr magneto-optical measurement
(MOKE) in a longitudinal configuration. MOKE hysteresis
loops were recorded by changing the in-plane angular
orientation of the sample, keeping fixed the external magnetic
field direction. The angular orientation, ranging from 0◦ to
360◦, was probed at intervals of 9◦ with a maximum applied
magnetic field of 0.1 T. The in-plane size of the simulation
cell is 4 × 4 × 2 nm3 for both layers and several replicas were
made to avoid isolated system behavior. The thicknesses of
CFO and FeCo were 77 and 4 nm, respectively. The exchange
stiffness and anisotropy values were extracted from the
literature [18,23,24], while the saturation magnetization was
taken from the experimental measurements. The following
set of magnetic parameters was thus used as input in the
simulations: exchange stiffness of hard (H) and soft (S)
phases As (CFO) = 1.10 × 10−11 J m−1 and As (FeCo) =
1.7 × 10−11 J m−1, respectively; saturation magnetization
Ms (CFO) = 3.41 × 105 A m−1 and Ms (FeCo) = 1.85 ×
106 A m−1, respectively; and magnetocrystalline constant
KH = 5.10 × 105 J m−3 and KS = −0.472 × 103 J m−3,
respectively). Magnetization curves were calculated and
plotted for different initial domain configurations (single and
multidomain states). The multidomain state was achieved by
defining 100 × 100-nm squares in the CFO layer that are
exchange decoupled from one another. Different degrees of
exchange coupling at the interface were investigated, ranging
from one (perfect coupling) to zero (complete decoupling) [3].
X-ray magnetic circular dichroism-photoemission electron
microscopy (XMCD-PEEM) experiments were performed at
the CIRCE beamline of the ALBA Synchrotron [25]. The
instrument allows acquiring XMCD images to space resolve
in remanence the in-plane magnetization component for
a given atomic element, Fe in this paper, along the x-ray
direction. To determine the domain-wall width from the
images, the usual criterion of measuring the distance between
the 85−15% intensity change in a line profile was employed
[25]. Micromagnetic simulations were performed using the
Mumax III [26] on a system composed of two layers: CFO
(hard material) and FeCo alloy (soft material) on top.
III. RESULTS
Figure 1(a) shows a STEM-HAADF image of the complete
layer stack—sketched in Fig. 1(b)—from which the differ-
ent thicknesses can be calculated. The multilayer includes,
sequentially, a 2-nm Al capping layer, 4.1 nm FeCo, 77 nm
CFO, a 6-nm TiN buffer layer, and Si (001). This sample
will be later referred to as FC4, responding to the thickness
of the soft phase layer. In Fig. 1(c), EDXS maps confirm the
composition of each layer. As expected, a higher Fe and Co
intensity is observed in the metallic FeCo layer with respect
to CFO. Figure 1(e) shows a HRTEM image of the CFO/FeCo
interface. The fast Fourier transform for each film confirms
the cubic spinel and bcc structure of the CFO and FeCo films,
respectively, allowing us to infer an epitaxial relationship
[101] FeCo // [100] CFO between the layers, in agreement
with previous reports [22].
The image filtered by the (10-1) FeCo and (400) CFO
diffraction spots, shown in Fig. 1(f), demonstrates a robust
TABLE I. Hard and soft layer thicknesses of all samples ex-
tracted from RBS.
Sample FeCo thickness (nm) CFO thickness (nm)
CFO 77.2
FC2 2.0 81.1
FC4 4.0 77.2
FC7 6.8 77.8
FC13 13.1 81.4
FC17 17.1 77.2
degree of structural coherency at the interface between both
phases, with the exception of occasional dislocations as the
one indicated with the green circle.
Figure 1(d) presents the RBS spectrum corresponding to
the FC17 sample. Using the data obtained for all samples, the
hard and soft thicknesses are calculated and summarized in
Table I.
Figure 2(a) shows the magnetization curves of FC2, FC4,
and the reference CFO sample. CFO presents a satura-
tion magnetization of Ms (CFO) = 3.41 × 105 A m−1, slightly
smaller than the usual bulk value, presumably due to the strain
from the substrate [17]. The squareness ratio is Mr/Ms =
0.46, indicating that the hard phase breaks into a multidomain
pattern. For samples FC2 and FC4, the squareness ratios are
0.43 and 0.64, indicative as well of a multidomain configu-
ration at remanence. However, they portray a very different
magnetization curve. At low negative fields, a steep decrease
in magnetization is observed, associated with the reversal of
the soft phase. At higher fields the gradual irreversible rotation
in CFO occurs. The onset of soft layer reversal at low negative
fields is defined as the nucleation field Hn, while the switch-
ing field Hsw corresponds to the irreversible magnetization
reversal of the hard layer [17,27]. Hn and Hsw are extracted
from the magnetization curves as the inflection points in the
soft and hard reversal parts of the demagnetization curve,
respectively [17], as indicated with arrows in Fig. 2(a). This
reversal behavior demonstrates nonrigid coupling as hard
and soft layers do not reverse simultaneously. Nonrigidity is
observed when Hn < Hsw [17], a condition that is fulfilled for
all soft thicknesses as shown in Fig. 2(c).
Even if Hn depends on all relevant magnetic parameters
of both hard and soft phases [27], it is often ultimately deter-
mined by the exchange stiffness As , saturation magnetization
Ms , and thickness ts of the soft phase, according to Eq. (1)
[2,12,16]:
Hn = π
2As
2Msts2
. (1)
Using the experimentally determined value of
Ms (FeCo) = 1.85 × 106 A m−1 and the accepted stiffness
value of As = 1.7 × 10−11 J m−1 [18,24], the theoretical
evolution of Hn as a function of soft thickness has been
calculated using Eq. (1) and is plotted in Fig. 2(c). A deviation
between theoretical and experimental values of Hn is clearly
observed. The critical point at which Hn(theoretical) = Hsw
corresponds to a 8-nm soft layer, which is in agreement with
the accepted theory on spring magnets [2,28]: the critical
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FIG. 2. (a) VSM magnetization curves measured at room temperature of a reference CFO film for a 2-nm (FC2) and a 4-nm soft bilayer
(FC4). (b) Recoil loops of FC4, FC17, and CFO measured after saturating at +5 T. (c) Hn and Hsw extracted from the magnetization curves
as a function of soft thickness. (d) Polar plot of coercivity (Hc ) determined by MOKE as a function of the in-plane angle between the applied
field and the (110) direction of the Si substrate for the FC4 sample.
soft thickness below which rigid reversal should occur is
predicted to be close to the Bloch wall width δw of the
hard phase, which for the case of CFO is of the order of
8–10 nm [17].
It is important to emphasize that even if both layers are
not reversing simultaneously as in a rigidly coupled sys-
tem they are not decoupled, i.e., they behave as a spring
magnet. The decrease of Hn with soft thickness is a strong
indication of exchange coupling; in a fully decoupled situation
the soft layer would always reverse at the same field. In
order to corroborate the spring behavior, recoil loops were
measured using a recoil field, HR , which fulfills the condition
Hsw > HR > Hn. Figure 2(b) shows normalized recoil loops
of CFO, FC4, and FC17 samples, obtained after saturating
at +5 T and measuring a loop between HR = −0.15 and
0 T. For CFO, a closed loop with rather small magnetization
recovery is observed [29]. From the FC4 and FC17 loops, we
infer that both the openness and the recovered magnetization
increase with the soft thickness, in agreement with previous
observations [30–33]. FC17 in particular shows a remarkable
recovery of magnetization from −0.66 to 0.31 and a change
in slope for fields smaller than 0.03 T, i.e., below the Hn of
FC17. This behavior clearly reveals the spring mechanism,
with the unreversed hard layer rotating a large fraction of
the soft spins back to their original direction at low fields,
and allows us to discard decoupling for soft thicknesses up
to 17 nm [29,30,33–35].
In addition, a robust degree of coupling is strongly sup-
ported by the angular dependence of Hc evidenced by MOKE
experiments presented in Fig. 2(d). MOKE is more sensitive
to the surface and the applied magnetic field is 0.1 T, which is
below Hsw, thus the main contribution to the maxima observed
comes from the FeCo layer. From the angular dependence,
it can be inferred that the FeCo easy axis, like CFO, is
along Si[110] [34], when it should be along Si[100] based
on the epitaxial relationship. This evidences the alignment of
the hard and soft easy axes and proves significant exchange
coupling at the interface.
XMCD-PEEM images were obtained in order to reveal
the magnetic domain structure of the pure CFO film. The
image, shown in the inset of Fig. 3(a), shows a multidomain
configuration in the as-grown remanent state, composed of
relatively small domains with sizes in the 100–500-nm range.
In the profile plotted in Fig. 3(a), the domain-wall width is
measured at δw = 17.4 nm. However, the error in the determi-
nation of δw is large, as the lateral resolution of the instrument
is 15–20 nm [25], and thus a smaller δw cannot be discarded.
Nonetheless, the standard structural and magnetic properties
of the CFO films do not suggest abnormally small δw values
and seem to indicate that we are observing spring reversal
at thicknesses at least four times lower than predicted by
the theory.
In the following, we will discuss the reasons for this
surprising spring behavior. It is important to stress that
spring magnet models have been almost exclusively devel-
oped based on uniaxial single-domain hard phases and con-
sidering coherent rotation as the demagnetization mecha-
nism [2,11,13,16]. More sophisticated models that account
for domain-wall nucleation in the soft layer, propagation
towards the interface, and depinning onto the hard layer
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FIG. 3. (a) Profile corresponding to the magnetic domain wall
indicated by the red line. Inset: XMCD-PEEM image obtained at the
Fe L edge at remanence and RT showing magnetic domains in the
pure CFO film. (b) First magnetization (virgin) curves for CFO and
FC4.
have found that the critical thickness may be slightly lower
than δw [4,26]. However, to our knowledge, no theoretical
description includes domain-wall propagation (DWP) in a
multidomain configuration. DWP is activated at significantly
lower fields than nucleation and rotation processes. Asti et al.
[16] acknowledged that the slightly lower experimental Hn
values observed in some cases may be due to neglecting
domain-wall propagation in the models, which Goto et al.
already considered “an oversimplification” more than 50 years
ago [12].
The shape of the first magnetization (or virgin) curve gives
information about the dominant magnetization mechanism:
propagation or nucleation [36]. The virgin curves of FC4 and
CFO are shown in Fig. 3(b). For the single CFO layer, a nu-
cleation/pinning dominated process is observed to gradually
magnetize the film, that can be associated to domain-wall
pinning at the antiphase boundaries of the CFO layer [17].
In comparison, the sharp increase in magnetization taking
place at fields below Hn in FC4 allows us to infer that a
DWP process is quickly magnetizing the soft layer, strongly
suggesting that DWP within the soft layer is the key factor
contributing to the decrease of Hn.
Within the accepted spring theory based on domain
nucleation, there are other parameters that could lead to
a reduced critical thickness: reduced exchange stiffness,
imperfect exchange coupling at the interface, and magnetic
surface/interface anisotropies. However, in order to explain
our observations, highly unrealistic values have to be consid-
ered, as addressed below for each case.
Figure 4 shows the simulated magnetization curves and
their derivative for a bilayer analogous to FC4 in thicknesses
and composition for four different exchange stiffness
values. A single-domain initial configuration is defined
in these simulations. At low negative fields, a maximum is
clearly observed in Fig. 4(a) for As = 3.1.10−12 J/m, that
corresponds to the nucleation field Hn of the soft phase,
as can be confirmed in Fig. 4(b). For As = 7.10−12 J/m
the maximum has almost disappeared, hinting at a residual
spring reversal of the soft layer. For larger As values, the
bilayer is seen to reverse as a rigid magnet, as the red curve
in Fig. 4(b) demonstrates. Thus, micromagnetic calculations
shown in Fig. 4 confirm that the system behaves as a
rigid/spring magnet above/below As = 8 × 10−12 J m−1. It is,
however, extremely unrealistic to expect such low stiffness.
Substituting in Eq. (1) the experimental values extracted
from the magnetization curves for Hn and Ms [Ms (FeCo) =
1.85 × 106 A m−1], we obtain As = 1.1 × 10−12 J m−1 for
FC1 and As = 3.1 × 10−12 J m−1 for FC4. These values are
an order of magnitude smaller than the theoretical accepted
value for Fe65Co35 of As = 1.7 × 10−11 J m−1. Further details
on the unphysical As needed to explain the behavior are given
in the Supplemental Material [37].
Imperfect exchange coupling is known to lead to a decrease
in critical thickness as well [11], and it is important to keep in
mind that we are dealing with a metal/oxide interface, with
potential roughness, mismatch, and/or interface oxidation is-
sues. The occasional dislocations observed in Fig. 1(f) lead
to an imperfect exchange coupling as structural coherency
is disrupted. However, a relatively well-defined interface and
structural coherency are observed in HRTEM and a robust
degree of coupling has been experimentally demonstrated,
indicating a limited dislocation-induced hindering of interfa-
cial exchange. The simulated magnetization curves presented
in the Supplemental Material [37] demonstrate that, for the
accepted As = 1.7 × 10−12 J m−1, the exchange-coupling pa-
rameter κ would have to be as low as κ = 0.05 in order
to observe spring behavior (κ = 1/κ = 0 for perfect cou-
pling/decoupling), while we can safely assume κ > 0.5 in our
bilayers.
Although surface and interface anisotropies may be of
relevance as well [38], their influence on nucleation fields is
restricted to perpendicularly magnetized bilayers [24,38] and
are thus not relevant here.
Finally, the important differences between our results and
the recent work by Lavorato et al. [17]—where CFO/Fe3O4
exchange-coupled bilayers were studied—are addressed. An
excellent agreement between the critical thickness derived
from theoretical models—that do not account for DWP—
and their experimental value is observed in Ref. [17]. An
important difference is that Ms is 2.5 times larger in FeCo and
simulated magnetization curves shown in Fig. 4 prove that the
reversal changes from rigid to spring mode as Ms increases.
In addition, Fe3O4 thin films usually present a large density of
antiphase boundaries, a structural defect that prevents DWP
[39,40].
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FIG. 4. (a) Simulated dM/dH curve for four different exchange stiffness values for a 4-nm FeCo/77-nm CoFe2O4 (CFO) bilayer.
(b) Simulated magnetization curves corresponding to the highest and lowest stiffness values.
IV. CONCLUSIONS
In summary, spring-type magnetization reversal is ob-
served in hard-soft CoFe2O4/FeCo exchange-coupled bilayers
for soft thicknesses as low as 2 nm. This size is four times
smaller than the critical thickness predicted by theoretical
models, determined by the exchange length of the hard phase.
This strong deviation is understood as a consequence of
domain-wall propagation processes in the soft layer that gov-
ern its spring-type reversal, and are unaccounted for in the
accepted theory for spring magnets. This observation could
be relevant for understanding the reasons for the disappointing
energy product values reached so far in advanced permanent
magnets based on exchange-coupled composites. More im-
portantly, our results bring forward the need to account for
multidomain configurations and domain-wall propagation in
the models for exchange-coupled multilayers in order to engi-
neer their demagnetization curve, with important implications
in the development of magnetic recording media and magnetic
heterostructures in general.
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